Abstract: To study the relationship between aging and the vulnerability of substantia nigra pars compacta (SNc) tyrosine hydroxylase immunoreactive positive (TH + ) dopaminergic (DA) neurons. We determined the number of TH + DA neurons in aged rats (24 mon) compared to adult rats (5 mon) using immunohistochemistry and cell counting. Furthermore, the expression of TH mRNA and protein levels in SN was studied by semi-quantitative RT-PCR and Western blotting. A 13.6% loss of neurons was detected in rostral segment of SNc, and the expression of TH mRNA levels was also reduced (P < 0.05), however, no difference was detected in TH protein levels (P > 0.05). These data suggest that expression of TH protein may increase in the existing SNc DA neurons, which may compensate for the partial loss of TH + DA neurons.
INTRODUCTION
The progressive degeneration of dopaminergic (DA) neurons in substantia nigra pars compacta (SNc) of the midbrain is the main pathological characteristic of Parkinson's disease (PD). So far, no exact evidence for PD occurrence has been proposed. Previous studies demonstrated a number of factors impacted on the occurrence of PD, such as aging [1] [2] [3] , genetic [4] , and environmental [5] , etc. Epidemiological survey showed that PD was infrequent before the age of 55. Once after 55, however, its incidence increased sharply [6] . Thus, the relationship between aging and the development of PD is drawing more and more attention. It will be of great significance to investigate the relationship between aging and the vulnerability of DA neurons in SNc.
In normal aging, the vulnerability of DA neurons is affected by many factors. Hydroxylase (TH) is the ratelimiting enzyme for dopamine synthesis, a marker of DA neurons, and its expression in DA neurons directly affects the quantity of dopamine in DA neurons, and therefore, TH expression can be indicative of the survival as well as the functional status of DA neurons. Some proteins may associate with the vulnerability of aged midbrain TH + DA neurons to degeneration, such as the alpha-synuclein, its expression decreased in SN of aged mice [7] , and in alpha-synuclein null mutant aging mice, the absence of alpha-synuclein was accompanied by the reduction of TH-positive (TH + ) fibers and TH protein in striatum [8] . Other proteins, such as DA transporter (DAT) and the vesicular monoamine transporter type 2 (VMAT2) [9] [10] , may also contribute to the susceptibility of aged midbrain DA cells, their changes in nigrostriatal system may increase the risk of PD. The pattern of aging-related changes in the DA system varies considerably among species.
There tends to be agreement that declines in striatal DA content accompany advancing age, but associated changes in midbrain DA neuron numbers and function are a source of disagreement. Studies showed that the number of TH + neurons decreased in midbrain SN of aged rhesus monkeys, and this decrease was correlated with the vulnerability to parkinsonism motor dysfunction in the aged rhesus monkeys [11] [12] [13] . However, no progressive loss of TH + neurons was revealed in the SN of synuclein-deficient aging mice [8] . So, to study the number changes of TH + DA neurons in normal aging rats is one of our purposes.
In PD, the DA neurons that progressively degenerate until death are mainly located in the midbrain A8 and A9 areas, while in the midbrain A10 area, the DA neurons have relatively low variability and properties [14] , which indicate that DA neurons in the same midbrain have different antidegenerative ability due to different locations. Meanwhile, it is demonstrated that DA neurons in SNc rostral segment project fibers to the head of caudate nucleus, while those in caudal segment project fibers to the putamen and the tail of the caudate nucleus [15] [16] . Nerve fibers from putamen mainly control the movement function and properties [17] [18] , while fibers from caudate nucleus mainly control the cognitive function and properties [19] [20] .
In order to ascertain the relationship between the functional status of DA neurons in nigrostriatal system and the survival status of SNc DA neurons in aging, the numbers of TH + DA neurons from different segments of SNc and the expressions of TH in SN DA neurons were analyzed in our present study. This research might provide a basis for further exploration of the relationship between aging and the development of PD.
MATERIALS AND METHODS

Animals and Antibodies
Sprague-Dawley male rats from Xuzhou Medical College Animal Center, aged (24 mon, 550-600g) and adult (5 mon, 220-250g), were housed at 23 ± 2°C on a 12:12 hour light/darkness cycle with access to food and water ad libitum.
Mouse monoclonal anti-TH antibody (T2928), alkaline phosphatase (AP)-conjugated and horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from Sigma-Aldrich Co..
Reverse Transcription-PCR
The brain SN samples were obtained from 20 aged and 20 adult rats under the stereomicroscope respectively. Total RNA was extracted respectively by the SV-total RNA isolation system from Promega (Z3101), and then cDNA was created by Access RT-PCR System (Promega, A1250). -actin gene was used as an internal control which was coamplified respectively by TH gene with the same procedures. For TH, the primer pair used were 5'-CCC CAC CTG GAG TAT TTT GTG-3' and 5'-ATC ACG GGC GGA CAG TAG ACC-3', which produced a PCR product of 519 bp, synthetic sense prime of -actin gene: 5'-TGT CCC TGT ATG CCT CTG GT-3' and antisense primer: 5'-TTG ATG TCA CGC ACG ATT TC-3', which produced a PCR product of 217 bp.
Western Blotting
The brain SN samples were obtained from another 20 aged and 20 adult rats under the stereomicroscope respectively, the protein concentrations in the SN were determined by Lowry assay. The separated proteins (100μg) on SDS-PAGE were electrotransferred onto a nitrocellulose membrane. After blockage of 3h in 3% bovine serum albumin, the membranes were probed respectively with anti-TH antibody and AP conjugated goat anti-rabbit IgG, and developed by NBT/BCIP color substrate from Promega as described by the manufacturer. The bands on the membrane were scanned and analyzed with an image analyzer.
Immunohistochemistry 10 aged and 10 adult rats were anesthetized under pentobarbital sodium (0.4%), and perfused through left ventricalascending aortic cannulation. According to George Paxinos & Charles Watson's The Rat Brain in Stereotaxic Coordinates, by means of stereotaxic apparatus, the brain segments containing SNc were sectioned consecutively on a microtome in the coronal plane at 6μm section thickness. After blockage with 5% goat serum, these sections were incubated respectively with mouse monoclonal anti-TH antibody (1:1000) and biotinylated horse anti-mouse (TH) IgG (1:200; Vector), followed by the Elite avidin-biotin complex (1:500, ABC kits; Vector) for 75 min. The reaction was completed with 0.05%, 3'-diaminobenzidine (DAB), 2.5% nickel II sulfate and 0.005% H 2 O 2 . These sections were mounted on gelatin-coated slides, dehydrated through graded alcohol, cleared in xylene and cover-slipped with cytoseal for cell counting.
Stereological Analysis
The numbers of TH + DA neurons in SNc were counted by stereology. According to the above atlas, the length of SNc in rats from the beginning of rostral to the end of caudal was about 1.5 mm, slices were collected every 5 slices from one animal brain (6 μm/slice). The SNc in each brain was divided into three segments: rostral segment, rostral to the incipient medial terminal nucleus of the accesory optic tract (MT); intermedial segment, between the incipient MT and the caudal portion of the MT; caudal segment, between the caudal portion of MT and the caudal portion of the interfascicular nucleus (IF) [21] . The SNc was delineated at low magnification on each of the stained sections through the length of the region. The delineation included the rostral, intermedial and caudal segments of SNc, whereas neighboring dopaminergic cell groups, i.e. A10 and A8, were excluded. From the start position, a counting frame was superimposed on the image, and neurons were systematically sampled using a 100 oil immersion lens with a high numerical aperture (1.4), a high magnification (600 ) was used for the counting, enabling detection of even low levels of TH immunoreactivity. The coefficient of error ranged between 0.03 and 0.08 [22] .
Statistical Analysis
Statistical analyses were performed using independentsamples test, values were expressed as mean ± SEM from at least three independent samples, P < 0.05 was considered significant.
RESULTS
Cell Counts of TH + DA Neurons in Different Segments of SNc in Aged Rats
Numbers of TH + DA neurons in three different segment of SNc were determined by immunohistochemistry with anti-TH antibody and cytometry. We could see some loss of the TH + DA neurons from SNc under the microscope (Fig.  1A-F) , furthermore, the cytometric analyses revealed 16.5% loss of TH + DA neurons in SNc (Fig. 1G) , and the cell loss of TH + DA neurons particularly in rostral segment in aged rats (Fig. 1H) , about 13.6% cell loss resided in the rostral segment compared to the total cell number of SNc.
TH Expressions in SN at Transcriptional and Translational Levels
Semi-quantitative RT-PCR was employed to determine the expression of TH at the transcriptional level. Two 519 bp cDNA bands were evident ( Fig. 2A) , with the optic density lower in aged rats than in adult ones (Fig. 2B) . Immunoblotting by anti-TH antibody was used to determine the expression level of TH protein. Two 60 kDa bands were present (Fig. 2C) , the amounts of protein bands had no difference in aged rats compared to adult rats (Fig. 2D) .
DISCUSSION
In our present study, we detected that the number of TH + DA neurons decreased in rostral segment of SNc and the levels of TH mRNA from the SN declined, but no differences in the TH protein expression levels were detected in aged rats compared to adult rats. Fig. (1) . The number of tyrosine hydroxylase immunoreactive positive dopamine neurons (TH + DA neurons) decreased particularly in the rostral segment of substantia nigra pars compacta (SNc) in aged rats compared to adult rats. The TH + DA neurons from the rostral (D), intermedial (E) and caudal segments (F) of SNc in aged rats were detected by immunohistochemistry using anti-TH antibody compared to that of adult rats (A, B, C) . G: The decline of the number of TH + DA neurons in SNc was detected by cytometry in aged rats compared to adult rats, about 16.5% cell loss was detected. H: The counts of the TH + DA neurons from the rostral to the caudal segments of SNc revealed that the cell loss predominantly resided in the rostral segment of SNc in aged rats compared to adult ones, about 13.6% cell loss resided in this segment compared to the total cell number of SNc. *P < 0.05. Scale bar =100 μm.
The effects of age on the nigrostriatal system could conceivably be due to an actual degeneration of DA neurons or a progressive functional decline without cell loss. Several investigations have compared the number of TH + DA neurons in SN of young vs. old non-human primates as well as in individuals of various ages. Results of these studies have been shown an age-dependent depletion in neuronal counts [11, 23] . In our research, we further found that there was partial loss of TH + DA neurons from SNc in aged rats, which is supported by Alison et al., who confirmed an age-related decrease of the TH + DA neurons from SN in nonhuman primates [24] . Disagreement also existed among previous studies, there was no loss of TH + DA neurons in alpha-synuclein null mutant aging mice compared to wild aging mice [8] . though the TH + fiber and TH protein decreased, the loss of TH + neurons were not found from nigrostriatal system in MPTP injured nonhuman primates [25] . Different animal models and species, different detect methods, and environmental and genetic differences may result in the discrepancy of the above research results. In our study, this decrease of TH + DA neurons will lead to the loss of many important proteins. Accordingly, the changes of important proteins from nigrostriatal system will also contribute to the susceptibility of DA neurons. For example, the absence of alpha-synuclein affected dopamine metabolism in nigro-striatum system [8] , the DAT were pre-and post-translationally damaged during aging [9] ,the vascular endothelial growth factor (VEGF) levels displayed age-dependent decrease in nigra [26] , and theVMAT2 is constitutively expressed as glycosylated, partially glycosylated and native forms, its subcellular distribution and glycosylation pattern were severely modified during normal aging [10] , these changes may contribute to the high susceptibility of aged midbrain DA cells to degeneration.
Furthermore, we found that the loss of TH + DA neurons existed mainly in rostral segment of SNc. Nerve fibers from rostral segment project to the caudate nucleus, which controls the cognitive functions in rats [16, [19] [20] , nerve fibers from caudal segment of SNc project to the putamen and the caudate nucleus, which are responsible for motor and cognitive functions respectively [15] [16] [17] [19] [20] . Therefore, the loss of TH + DA neurons in rostral segment might lead to decrease of the caudate nucleus fibers from rostral segment, which might trigger the decline of cognitive functions in aged animals. Because there was no loss of TH + DA neurons in caudal segment which was associated with motor function, the disorder of motor function when aged may not be related with the loss of TH + DA neurons from caudal segment of SNc.
We also found the levels of TH mRNA in SN declined, this decline of TH mRNA in SN might be associated with the loss of TH + DA neurons, and might be induced by normal aging per se. Contrary to the variations of TH mRNA levels, those of TH protein expression levels demonstrated another feature, i.e., the levels of TH protein did not decline with age. This discrepancy at transcriptional and translational levels indicated that TH protein might compensatory increase at a translational level in aged rats, which would enable the DA neurons to synthesize adequate dopamine to meet the requirements of normal physiological functions. The compensatory function of DA cells was also to be found in other proteins such as DAT. DAT was damaged during normal aging, However, the membrane DAT/total DAT ratio in striatal synapotosomes increased [9] . When DA cells decompensate, cells may be progressively degeneration, which would lead to the development of PD. Previous studies are also supportive to our hypothesis, e.g., the cellular size of each DA neuron in substantia nigra compensatory increases during normal aging, and thus the cells responsible for the production of the essential transmitters might not be reduced to a critically low level due to old age [27] [28] [29] . This discrepancy at transcriptional and translational levels also indicated that the degradation of TH protein may be slower in aged rats than in adult rats. Other protein such as alpha-synuclein could also affect the expression of TH protein, in aging alpha-synuclein null mutant mice, the striatal TH + fibers and levels of TH protein reduced significantly [8] . Further explorations are still required as to the exact mechanism on this discrepancy at transcriptional and translational levels during normal aging.
In conclusion, aging was accompanied by the partial loss of TH + DA neurons, this phenomena suggest that aging might increase the vulnerability of the DA neurons in SNc, which might be associated with the degeneration of the DA neurons in PD. In this study, the compensatory increase of TH protein in the aged rats might be involved in the resistance to the vulnerability of the DA neurons in SNc as well as the maintenance of their physiological functions. Thus, further investigation is still required as to the exact mechanisms of this vulnerability and this study might contribute to future research on the vulnerability of the DA neurons in SNc in aged rats. 
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